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(57) ABSTRACT

An apparatus and method for detecting wear of a surface of an
object or part, and directing the measured amount of wear to
an interface such that an operator may be apprised of this
value are described. One end of the sacrificial wear sensor
hereot 1s disposed such that 1t experiences the same wear as
the surface of the part to be momtored. One embodiment of
the present sensing element includes a permanent magnet
fixedly sandwiched between two plates having high magnetic
permeability material, wherein magnetic poles are oriented
perpendicular to the plates The plates extend beyond the
magnet on the side thereot opposite the wear edge, forming
thereby an air gap such that magnetic tlux 1s concentrated n
the plates with the magnetic circuit being completed through
the air gap between the plate extensions. A magnetic tlux
monitoring device may be disposed in the air gap of the
sensing element for measuring the magnetic flux density 1in
the gap. As the magnet and the plates of the sensing element
are worn away by the same mechanism that causes wear on
the part being momitored, the magnet volume decreases,

thereby decreasing the ﬂux density in the air gap. Thls
decrease 1n flux density can be related to the wear of the

surface under mvestigation.

33 Claims, 7 Drawing Sheets
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MAGNETIC SENSOR FOR DETERMINING
WEAR

RELATED CASES

This application 1s the U.S. National Stage Patent Appli-
cation of International Application No. PCT/US2009/
0066119, filed on Nov. 30, 2009, which claims the benefit of
U.S. Provisional Patent Application Ser. No. 61/118,652 for
“Magnetic Sensor for Determining Wear” by Scott A. Mor-
ton, filed on Nov. 30, 2008, which applications are hereby
incorporated by reference herein for all that they disclose and
teach.

FIELD OF THE INVENTION

The present invention relates generally to the measurement
of wear of materials and, more particularly, to the use of a
sacrificial magnetic sensor for measuring the amount of wear
of the materials.

BACKGROUND OF THE INVENTION

Various equipment and devices such as snow plows, agri-
cultural tillage 1mplements, earth-moving equipment,
clutches, and brakes, as examples, have replaceable parts and
surfaces that move relative to other parts or substrates and that
may significantly wear during the operational life of such
parts. If such parts are not replaced before the wear becomes
too severe, extensive collateral damage may occur to adjacent
parts and structures. Repairing such collateral damage or
replacing damaged parts may be expensive and time-consum-
ing. In addition, a wearing part, such as a carbide-edged
snowplow blade, may 1tself be expensive and require signifi-
cant time to replace. Therefore, premature prophylactic
replacement of such parts represents an unnecessary cost in
time and materials.

A sensor for measuring a change of a magnetic field includ-
ing a magnet for generating a constant magnetic flux and
magnetically conductive members for producing a first mag-
netic field passing through an object capable of influencing
the first magnetic field, and a second magnetic field which
does not pass through the object, and a magnetic field mea-
suring device located in the second magnetic field for mea-
suring changes in the second magnetic field resulting from

changes in the first magnetic field, 1s described 1n U.S. Pat.
No. 4,229,696 for “Sensor For Measuring Magnetic Field

Changes™ which 1ssued to Adolf G. Gustaison on Oct. 21,
1980.

SUMMARY OF THE INVENTION

Accordingly, 1t 1s an object of embodiments of the present
invention to provide an apparatus and method for accurately
measuring wear of surfaces and edges.

Additional objects, advantages and novel features of the
invention will be set forth 1n part in the description which
tollows, and 1n part will become apparent to those skilled 1n
the art upon examination of the following or may be learned
by practice of the invention. The objects and advantages of the
invention may be realized and attained by means of the instru-
mentalities and combinations particularly pointed out 1n the
appended claims.

To achieve the foregoing and other objects, and 1n accor-
dance with the purposes of the present invention, as embodied
and broadly described herein, the wear sensor, hereof,
includes in combination: an elongated magnet having a first
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length along the long dimension thereot, a first long flat side
and an opposing second, long flat side; a first magnetically
permeable material having a second length and a flat side
disposed alongside the first flat side of the magnet; a second
magnetically permeable material having a third length and a
flat side disposed alongside the second flat side of the magnet,
wherein the second length and the third length are greater than
the first length, forming thereby a closed end and an air gap
between the first material and the second material at the
opposing end; and means for measuring the magnetic field
within the air gap; whereby the magnetic field in the air gap
decreases as the magnet, the first material and the second
material are worn away at the closed end.

In another aspect of the invention, and 1n accordance with
its objects and purposes, the method for determining wear
experienced by an object, hereol, includes the steps of: inter-
posing an elongated magnet having a first length along the
long dimension thereot, a first long flat side and an opposing
second long flat side between a first magnetically permeable
material having a second length and a flat side disposed
alongside the first flat side of the magnet, and a second mag-
netically permeable material having a third length and a flat
side disposed alongside the second flat side of the magnet,
wherein the second length and the third length are greater than
the first length, forming thereby a closed end and an air gap
between the first matenal the second material at the opposing,
end; exposing the closed end to the same wear as experienced
by the object; and measuring the magnetic field within the air
gap; whereby the magnetic field 1n the air gap decreases as the
magnet, the first material and the second maternial are worn
away at the closed end.

In yet another aspect of the invention, and 1n accordance
with 1ts objects and purposes, the wear sensor, hereof,
includes in combination: an elongated magnet having a first
length along the long dimension thereol, a long flat side, and
a pole direction parallel to the flat side; a first magnetically
permeable material having a second length and a flat side
disposed alongside the tlat side of the magnet; a second mag-
netically permeable material having a third length and a flat
side disposed alongside the flat side of the magnet, wherein
the second length and the third length are less than the first
length, wherein the magnet and the first permeable material
form a first closed end, wherein the magnet and the second
permeable material form an opposing second closed end, and
wherein the first permeable material and the second perme-
able material form an air gap therebetween on the flat side of
the magnet; and means for measuring the magnetic field
within the air gap; whereby the magnetic field in the air gap
decreases as the magnet, and the first permeable material are
worn away at the first closed end.

In still another aspect of the mvention, and in accordance
with 1ts objects and purposes, the wear sensor, hereof,
includes in combination: an elongated magnet having a first
length along the long dimension thereot, a long tlat side, and
a pole direction parallel to the first tlat side; a magnetically
permeable matenial having a second length and a flat side
disposed alongside the flat side of the magnet, wherein the
second length 1s greater than the first length, forming thereby
a closed end and an opposing end wherein the magnetically
permeable material extends beyond the flat side of the elon-
gated magnet; and means for measuring the magnetic field in
the vicinity of the extended permeable material; whereby the
magnetic field in vicinity of the extended permeable material
decreases as the magnet and the permeable material are worn
away at the closed end.

Benefits and advantages of the present mvention include,
but are not limited to, providing an apparatus and method for
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measuring wear on surfaces using a magnetic sensor without
a requirement that magnetic fields generated by the sensor

pass through the surface being monitored, or a requirement
that the surface being monitored 1s magnetically permeable.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of the specification, illustrate embodiments of
the present invention and, together with the description, serve
to explain the principles of the invention. In the drawings:

FIG. 1 1s a schematic representation of a perspective view
of an embodiment of the magnetic sensor for determining
wear ol a surface of an object of the present invention, 1llus-
trating an elongated permanent magnet having at least two
parallel long sides, magnetically permeable plates between
which the magnet 1s interposed, a probe for measuring the
magnetic field i an air gap formed by the plates, and an
istrument package for controlling, analyzing and transmiut-
ting the measurements, all of which may be mounted on the
object for which surface wear 1s to be monitored.

FIG. 2A 1s a schematic representation of a side view of the
magnetic portion of the magnetic sensor shown in FIG. 1
hereot, illustrating the magnetic flux generated by an elon-
gated permanent magnet having magnetic poles perpendicu-
lar to two long parallel sides thereof, and passing principally
through an air gap formed by magnetically permeable plates
between which the magnet 1s 1interposed, at the end thereof
opposite to the end of the magnetic portion of the sensor
exposed to wear, while FI1G. 2B 1s a magnetic circuit diagram
for the magnetic portion shown 1n FIG. 2A.

FIG. 3 A 1s a schematic representation of a side view of the
magnetic portion of the magnetic sensor shown in FIG. 1
hereot, showing the magnetic flux generated by an elongated
permanent magnet having magnetic poles parallel to two long,
parallel sides thereof, and passing principally through an air
gap between magnetically permeable plates between which
the magnet 1s interposed, at the end thereot opposite to the end
of the magnetic portion of the sensor exposed to wear, while
FIG. 3B 1s a magnetic circuit diagram for the magnetic por-
tion shown 1n FIG. 3 A applicable to the situation where only
one magnetically permeable plate 1s employed.

FIG. 4A 1s a schematic representation of a side view of the
magnetic portion ol the magnetic sensor shown 1 FIG. 1
hereot, showing the magnetic flux generated by an elongated
permanent magnet having magnetic poles parallel to at least
one long side thereot, and passing principally through an air
gap formed between two spaced apart magnetically perme-
able plates disposed on the at least one long side of the
magnet, whereby the magnet surface 1s exposed, while FIG.
4B 1s a magnetic circuit diagram for the magnetic portion of
the magnetic sensor shown in FIG. 4A.

FIG. 5A 1s a schematic representation of a side view of the
magnetic portion of the magnetic sensor shown 1 FIG. 1
hereof, showing the magnetic flux generated by an elongated
permanent magnet having magnetic poles parallel to the at
least one side thereof, and passing principally through an air
gap formed by an L-shaped magnetically permeable plate
having its long dimension adjacent to the at least one long side
of the magnet, while FIG. 5B 1s a magnetic circuit diagram for
the magnetic portion shown in FIG. SA.

FIG. 6 A 15 a schematic representation of an embodiment of
the instrument package shown in FIG. 1 hereof powered by an
energy harvesting module, while FIG. 6B 1s a schematic
representation of an embodiment of the energy harvesting
module shown 1n FIG. 6 A hereof which derives electrical
energy from a magnet and an electrical coil.
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FIG. 7 1s a graph of the calculated flux density 1n the gap as
a function of wear fraction of the magnet and the surrounding
pole pieces.

DETAILED DESCRIPTION OF THE INVENTION

Briefly, the present mvention includes an apparatus and
method for detecting wear of a surface of an object or part
over the entire range of wear of the surface, and transmitting
the measured amount of wear to an interface, or otherwise
indicating the amount of wear, such that a user of the object
may be apprised of this value. Projections of remaining ser-
vice lifetime for the wearing part may be calculated, and
warnings and/or alarms may be provided for imminent end-
of-life thereof. One end of the sensor 1s disposed such that 1t
experiences the same wear as the surface of the part to be
monitored. One embodiment of the sacrificial sensing ele-
ment, hereol, includes an elongated permanent magnet hav-
ing two parallel long sides fixedly interposed between two
magnetically permeable plates, and wherein the magnetic
poles are oriented perpendicular to the parallel sides of the
magnet. The plates extend beyond the magnet on the side
thereol opposite the wear edge, thereby forming an air gap
such that magnetic flux 1s concentrated in the plates with the
magnetic circuit being completed through the air gap between
the plate extensions. A Hall Effect sensor or probe, or other
magnetic flux monitoring device, may be disposed in the air
gap of the magnetic sensing element for measuring the mag-
netic flux density 1n the gap. As the magnet and the plates of
the sensing element are worn away by the same mechanism
that causes wear on the part being monitored, the magnet
length decreases, thereby decreasing the flux density 1n the air
gap. This decrease 1n tlux density may then be related to the
wear of the part.

Another embodiment of the magnetic sensor may include
an elongated magnet having poles oriented parallel to at least
one long flat side of the magnet. At least one magnetically
permeable plate 1s placed alongside the at least one flat side of
the magnet. If two parallel plates having long dimensions
larger than the magnet are employed, forming thereby an air
gap, the magnetic flux may bifurcate within the air gap and the
density may be measured near the surface of one of the plates.
However, only one plate may be used and the magnetic field
exiting the magnet and entering the plate may be monitored.
As the magnet and the plates of the sensing element are worn
away by the same mechanism that causes wear on the part
being monitored, the magnet length 1n the direction of the
magnetization decreases, thereby decreasing the flux density
near the surface of the plates in the air gap.

In another embodiment of the magnetic sensor, the mag-
netic portion of the sensor may include an elongated magnet
having a flat side parallel to the magnetic poles of the magnet,
and first and second magnetically permeable plates having
lengths, the sum of which 1s smaller than the length of the
magnet, and placed in contact with the flat side of the magnet,
whereby an air gap 1s formed between the plates, and wherein
the magnet surface 1s exposed. With this configuration, the
magnetic flux density in the gap between the first and second
plates would increase, and the fringe flux would decrease.
Again, as the magnet and first plate wear, the magnetic flux in
the gap decreases as a function of the amount of wear since
the length of the magnet decreases. For such a configuration,
the length of wear that can be measured may be reduced
because of the reduced usable magnet length, but the sensi-
tivity ol measurement may be increased.

In another embodiment of the invention, the magnetic sen-
sor may mclude an elongated magnet having a flat long side to
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which the orientation of the magnetic poles 1s parallel, and an
L-shaped magnetically permeable plate having a length such
that when the flat side of the magnet 1s placed along the long
side of the “L”", an air gap 1s formed between the plate and the
magnet, whereby an end of the magnet 1s exposed to the plate.
The magnetic flux density 1n the air gap may increase, and the
fringe flux may decrease with this configuration. Again, as the
magnet and first plate wear, the magnetic flux 1n the gap
decreases as a function of the amount of wear. For such a
configuration, the length of wear that can be measured may be
reduced, but the sensitivity ol measurement may increase.

The apparatus hereol may further include a microprocessor
for translating the signals from the Hall Effect sensor into
wear terminology, a transceiver for wireless communication
with a user interface either remote from or adjacent to the
wear sensor, a temperature sensor to compensate for tempera-
ture variation of the magnetic flux density, and an energy
harvesting device for supplying power for the associated
instrumentation. The microprocessor may store calibration
values for a plurality of sensors, receiving periodic readings
from each sensor, and translate the readings into meaningiul
information for the operator. The microprocessor may also
provide long-term data to facilitate maintenance, procure-
ment and dispatch scheduling. This data may be stored for
periodic transfer, or transmitted to support facilities 1n real
time.

Reference will now be made in detail to the present
embodiments of the mnvention, examples of which are 1llus-
trated 1n the accompanying drawings. In the Figures, similar
or 1dentical structure will be 1dentified using the same refer-
ence characters. Turning now to FI1G. 1 a schematic represen-
tation of an embodiment of magnetic sensor, 10, for deter-
mimng the wear of surface, 12, of object, 14, 1s shown.
Elongated permanent magnet, 16, interposed between mag-
netically permeable plates, 20a and 206, form magnet por-
tion, 21, with magnet 16 having a wear surface, 18, which 1s
disposed such that 1t experiences similar wear to the wear
experienced by surface 12 of object 14. Plates 20a and 2056
may be fabricated from any material having magnetic perme-
ability as long as 1t 1s sufficiently ductile to wear under abra-
sion rather than fracturing. Materials such as steel and soft
magnetic composites where 1iron particles are embedded 1n an
clectrically insulating resin are expected to be useful. Suitable
magnet materials may include ductile materials which wear
instead of fracturing or shattering. Flexible magnetic materi-
als, where magnetic powder 1s embedded in a rubber matrix or
in a more rigid thermoplastic or thermoset plastic material,
and where the magnetization 1s throughout the thickness of
the matrix, as an example, are expected to be useiul 1n the
practice of the present invention. Flexible magnetic sheets
again having magnetization throughout the thickness thereof
may also be used. Iron-Chromium-Cobalt magnets may be
employed if they are not fully heat treated. Plates 20a and 2056
and magnet 16 are dimensioned such that air gap, 22, is
formed at end, 24, of sensor 10 opposing wear surface 12. It
should be mentioned that magnet portion 21 of sensor 10 may
be embedded 1n brass, aluminum or fiberglass, as examples,
to provide structural rngidity and protection from the elements
(not shown 1 FIG. 1). Such materials may also provide
1solation of sensor 10 from magnetically permeable materials
from which wear part 14 may be fabricated.

Hall Effect probe, 26, or another magnetic flux measuring,
device, monitors the magnetic field in the air gap formed by
the plates. Temperature sensor, 28, may be disposed 1n the
vicinity ol Hall probe 26 for measuring the temperature in gap
22 1n order to correct magnetic flux measurements made by
the Hall Effect probe for variations in temperature. Instru-
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ment package, 30, includes apparatus for controlling and
transmitting the measurements from Hall probe 26 and tem-
perature sensor 28 to a user-based recerver (not shown 1n FIG.

1). Instrument package 30 may be mounted on object or part
14.

FIG. 2A 1s a schematic representation of a side view of
magnetic portion 21 of magnetic sensor 10 shown in FIG. 1
hereot, 1llustrating elongated permanent magnet 16 having at
least two parallel sides, 31a, and 315, and magnetic poles
which are oriented perpendicularly to the sides 31aand 315 of

magnet 16. The magnet 1s interposed between magnetically
permeable plates 20a and 205, and magnetic flux passes
through plates 20a and 2054, and through air gap 22 (324 and
32b, and 32¢, respectively).

FIG. 2B 1s a magnetic circuit diagram for the magnetic
sensor shown in FIG. 2A, where the magnetic poles are per-
pendicular to the pole pieces, illustrating the relationship
among the reluctances for gap 22, permanent magnet (PM)
16, pole pieces 20a and 205, and fringe areas 32¢ and 324d.
Here, ¢, represents the magnetic flux potential of magnet 16.
Using reluctance circuit analysis for the magnetic circuit of
FIG. 2B, one may obtain an analytical expression for the
magnetic field B, as follows:

K H.L,(Rf+R; + Ry + Ryp)
Ag((RnRy(Ry + Re)(Rg + Ry + Ryp))

bgap =

where A 1s thearea ot air gap 22, K 1s the air gap flux leakage
factor, H . 1s the maximum coercive force, L. 1s the length of
magnet 16 1n the magnetization direction (direction of the
magnetic flux vectors which are oriented in the direction from
the magnetic south pole toward the north pole), and R, 1s the
reluctance across the sides and ends of the magnetic portion
of the sensor where fringing occurs, R, 1s the reluctance
across the air gap where the magnetic field intensity 1s mea-
sured, R, 1s the reluctance across magnetically permeable
plate 20q, and R, 15 the reluctance across second magneti-
cally permeable plate 205. Using reluctances R, and R, 1n
the expression for B, permits the situation where a pole
piece and the magnet are not 1n actual or close contact, but
rather as much as 0.25 1n. apart. In such situations the mea-
sured reluctance includes that of the air gap formed between
the magnet and the permeable plates.

The addition of the fringe reluctance allows a more accu-
rate prediction of the flux 1n the gap, and gives some 1nsight
into the sensor design. By mimimizing the air gap the fringing
flux may be decreased, thereby decreasing the ratio of the
fringing flux to the magnetic flux crossing the air gap. This
increases the tlux density in the air gap and improves the
signal strength. Designing the sensor elements with a squarer
aspect ratio will also decrease the ratio of the fringing flux to
the flux crossing the air gap, although this effect 1s much
smaller than that achieved by reducing dimensions of the air
gap.

In the equation for B_, . the reluctance factor R, 1s
inversely proportional to the length of the magnet along the
long axis of the sensor, while R, and R, are directly propor-
tional to the length of the magnet along the long axis of the
magnetic portion of the sensor, and R, 1s a constant. The
resulting function of the magnet length versus magnetic flux
density can be closely approximated by a 2”%-order polyno-
mial for wear over more than 60% of the magnet length. The
function becomes non-linear as the wear approaches 100% of
the length of the magnet since R -requires division by zero as
the magnet length approaches zero.
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FIG. 3 A 1s a schematic representation of a perspective view
of magnetic portion 21 of sensor 10 shown in FIG. 1 hereof,
showing the magnetic tlux generated by an elongated perma-
nent magnet having at least two parallel side, to which sides
the magnetic poles are parallel. Magnetic flux 32a and 325
passes through magnetically permeable plates 20a and 205,
respectively, between which magnet 16 1s 1terposed, and
through air gap 22 formed plates 20a and 205. Only one plate
may be used 1n the parallel magnetic pole situation, in which
case the magnet need only have one flat side.

Using reluctance circuit analysis solely for the top portion
of the apparatus shown 1n FIG. 3A and the magnetic circuit
shown 1n FIG. 3B, one may obtain an analytical expression
for the magnetic field B, as follows:

5 K H.L,(Rf + R, + R; +R,)
T A(RuRs+ (Ry + RA(R, + R+ RY))’

where R 1s the reluctance across single magnetically perme-
able plate 20a shown 1n FIGS. 3B and R 1s the reluctance,
334, and 335, through air across the magnet/plate interface at
exposed magnet pole 24. The definitions of R-and R, are
provided hereinabove.

FI1G. 4 A 1s aschematic representation of a perspective view
of the magnetic portion of the magnetic sensor shown in FIG.
1 hereot, showing the magnetic flux generated by elongated
permanent magnet 16 having at least one flat side 31a and
magnetic poles parallel to the flat side thereof. Magnetic flux
32a from magnet 16 passes through L-shaped plate 20q and
magnetic tlux, 32¢, passes through air gap 22 formed between
the short side, 34a, of L-shaped, magnetically permeable
plate 20q and exposed end, 345, of magnet 16 which 1s placed
against the long side of the “L”” and inside thereof. Gap 22 1s
located away from the portion 24 of the magnetic sensor
exposed to wear. FIG. 4B 1s a magnetic circuit diagram for the
portion of magnetic sensor 10 shown 1n FIG. 4A. An 1dentical
expression for B, to that for FIG. 3B 1s obtained by using
magnetic reluctance analysis of the magnetic circuit shown in
FIG. 4B, except that R _, the reluctance through air across the
magnet/plate interface at exposed magnet pole 24, 1s now
single component 33.

FIG. 5A 1s aschematic representation of a perspective view
of the magnetic portion of magnetic sensor 10 shown in FIG.
1 hereof, showing the magnetic tlux generated by elongated
permanent magnet 16 having magnetic poles parallel to flat
side 31a thereot, and passing principally through an air gap
22 formed by two spaced-apart magnetically permeable
plates 20a and 205 disposed on flat side 31a of magnet 16,
exposing portion, 31c, thereof.

Using reluctance circuit analysis for magnetic portion of
sensor 10 shown 1n FIG. 5A and the magnetic circuit shown in
FIG. 5B, one may obtain an analytical expression for the
magnetic field B, as follows:

K,H.L,(Rr+R;+R5 +Rp +2R,)

By = ’
gap Ag(Rm +Rf +(Rm +Rf)(Rg +R51 +R52 +2Rﬁ'))

where R, 1s the reluctance of plate 20a , R _, 1s the reluctance
of plate 206 and R | 1s the sum of reluctances, 33a , and 335,
through air across the magnet/plate interface at exposed mag-
net poles 24 and 18, respectively. The definitions of R ;and R,
are provided hereinabove.
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FIG. 6 A 1s a schematic representation of an embodiment of
instrument package 30 shown in FIG. 1 hereof. Measure-
ments taken by Hall Effect sensor 26 and temperature sensor
28 are processed by microprocessor, 35, and information
therefrom 1s directed to transceiver, 36, for transmaittal to a
user. Measurements from Hall Effect sensor 26 corrected by
measurements from temperature sensor 28 may be used to
calculate wear amounts and wear projections.

The user may be located remotely or may sample electron-
ics package 30 using a reading device placed 1n the proximity
of electronics package 30. A physical electronic link may also
be employed. The present wear sensor 10 may be surrounded
by a protective cover (not shown i FIG. 1), except for wear
surfaces 12 and 18, to provide protection from harsh environ-
ments.

Electronics package 30 may be powered by batteries, ri
energy generated by a reader brought close to package 30, or
energy harvesting module, 38, as examples.

In many applications of present wear sensor 10, the oper-
ating environment makes a battery or a wired power supply
for instrument package 30 associated with the sacrificial sens-
ing element difficult, 1f not impossible. For snow plows, earth
moving equipment, agricultural equipment, and the like, cold
temperatures, severe vibrations, and/or contact or immersion
in saline water may make the use of a replaceable battery, or
even the inclusion of a charging connection for a sealed
rechargeable battery, unfeasible. The locations of such sen-
sors, often 1n inaccessible areas where blades and cutting
edges contact road or soil surfaces, may also make the use of
sealed inductive charging circuits impractical, and may
increase the likelihood of damage to wired power.

To provide reliable power to the imstrument package,
energy may be harvested from the environmental vibrations
that are inherent to the operation of these types of equipment.
An embodiment of an energy harvesting system may include
a transducer that converts vibrations to electrical energy, a
storage device, and a control circuit to manage power tlows.
As examples, energy transducers may be piezoelectric, where
mechanical strain energy may be converted into electrical
voltage and current through piezoelectric materials or elec-
troactive polymers, electrostatic, where pre-charged capaci-
tor plates may be moved closer together and apart, mechani-
cal, where the vibratory motions may be converted into rotary
motion of an eccentric weight, or electromechanical, where a
magnet may be moved relative to an electrical coil. Energy
storage devices may include rechargeable batteries, or a low-
leakage-loss capacitor. Commercially available control cir-
cuits and ICs are available for controlling the energy harvest-
ing functions and may be provided by power management
circuit, 44.

FIG. 6B 1s a schematic representation of an embodiment of
energy harvesting module 38 shown 1n FIG. 3A hereof which
derives electrical energy from magnet, 40, and electrical coil,
42. Magnet 40 moving relative to electrical coil 42 1n coop-
eration with power management circuit 44 which may rectity
the electrical signal therefrom, and storage capacitor, 46, 1s
expected to be effective for powering electronics package 30,
because an external mduction coil (not shown 1n FIG. 3B)
may be used at the time of installation of a new sacrificial
sensing element 10 to activate mnstrument package 30 through
coil 42 for obtaining 1mitial readings and calibrating the ele-
ment. Capacitors are useful as storage devices since they may
be cycled millions of times, they are more resistant to vibra-
tion and shock damage than batteries, and their rates of charg-
ing and energy delivery are greater than batteries. Capacitors
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are generally heavier and bulkier than batteries having similar
energy storage density, but such 1ssues may not be important
for many applications.

As an example of the operation of the combination of
magnet 40 and electrical coil 42, for power generation, the
operating environment of a snow plow may be considered. It
1s expected that an operating snow plow generates significant
vibration between 1 and 20 Hz. Much of this vibration 1s
directed along a vertical axis. Moreover, the plow will bounce
when 1t 1s lifted from or lowered onto the road. Therefore, 1f
magnet 40 1s suspended 1n the vertical direction, 1n the verti-
cally oriented bore of electrical coil 42, magnet 40 will oscil-
late therein, thereby inducing electrical voltage and current 1n
the coil usetul for charging capacitor 46.

Energy harvesting power module 38 for wear sensor 10
may rely on environmental vibration to charge capacitor 46
through control circuit 44. When a threshold voltage consis-
tent with the power requirements of microprocessor 34, Hall
Effect sensor 26, temperature sensor 28, and radio transcerver
36, 1s reached, power management circuit 44 switches power
to mstrument package 30 electrical systems, a measurement
of the sacrificial wear element length 1s made by micropro-
cessor 34 using magnetic field measurements from Hall
Effect sensor 26, the value of the magnetic field measurement
being adjusted for temperature using iput from temperature
sensor 28, and the adjusted value 1s transmitted to a user
interface by wireless transcerver 36 using either a standard or
proprietary network protocol having package collision detec-
tion and avoidance procedures such as random time delays or
sequential sensor retention interrogation by the user interface.
Energy harvesting system 38 may be sized to provide wear
measurements having frequency suificient to track the wear
of the particular part or object being monitored. For the

majority of applications half-hour to hourly measurements
are expected to resolve the wear to increments of less than
1%.

FI1G. 7 1s a graph of the calculated flux density in the gap as
a function of wear fraction of the magnet and the surrounding
pole pieces.

Having generally described certain embodiments of the
invention, the following EXAMPLE provides additional
details:

EXAMPLE

Elongated permanent magnet 16 may have dimensions:
2.0" 1n length, 0.5" in width, and 0.123" 1n thickness, and
permeable plates 20a and 205 may have dimensions: 2.25" in
length, 0.5" 1n width, and 0.125" 1n thickness. The gap thick-
ness may be 0.125" and the gap area 0.125 in.”. Assuming a
magnet having perpendicular poles and a residual flux density
of 1600 Gauss, the steel being 1018 steel, and having a rela-
tive permeability of 1000, the gap fringe factor, K, 1s esti-
mated to be 0.8, and the maximum gap flux density, B, 1s
0.064 Tesla for the unworn magnetic sensor 10. B, declines
to 0.41 Tesla as permanent magnet 16 within sensor 10 1s
worn to 0.75" in length. Typical reluctance values for R, R,
R,, and R, may be 3.57x10° H™', 6.60x10° H™", 5.64x10°
H™', and 3.13x10’, respectively, for an unworn magnetic
sensor 10, and 8.94x10° H™*, 1.27x10" H™*, 2.82x10° H*,
and 3.13x10" H™', respectively, when magnet 16 of magnetic
sensor 10 1s worn to 0.75" in length. The fringing area and the
magnet area both decrease as the magnet 1s worn. Since
reluctance 1s equal to the length of the flux path divided by the
permeability, and multiplied by the cross sectional area, as the
area decreases, the reluctance will increase.
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The foregoing description of the invention has been pre-
sented for purposes of illustration and description and 1s not
intended to be exhaustive or to limit the imvention to the
precise form disclosed, and obviously many modifications
and variations are possible 1n light of the above teaching. The
embodiments were chosen and described i1n order to best
explain the principles of the mnvention and its practical appli-
cation to thereby enable others skilled 1n the art to best utilize
the invention 1n various embodiments and with various modi-
fications as are suited to the particular use contemplated. It 1s
intended that the scope of the invention be defined by the
claims appended hereto.

What 1s claimed 1s:

1. A wear sensor comprising in combination:

an clongated magnet having a first length along a long
dimension thereot, a first long flat side and an opposing
second, long flat side;

a 1irst magnetically permeable material having a second
length and a flat side disposed alongside the first long flat
side of said magnet;

a second magnetically permeable material having a third
length and a flat side disposed alongside the second long
flat side of said magnet, wherein the second length and
the third length are greater than the first length, forming
thereby a closed end and an air gap between said first
magnetically permeable material and said second mag-
netically permeable material at the opposing end; and

means for measuring the magnetic field within the air gap;

whereby the magnetic field in the air gap decreases as said
magnet, said first material and said second material are
worn away at the closed end.

2. The apparatus of claim 1, wherein the second length and

the third length are equal.

3. The apparatus of claim 1, wherein said means for mea-
suring magnetic field comprises a Hall Effect probe.

4. The apparatus of claim 3, further comprising a tempera-
ture sensor for correcting for temperature variations in the
measured magnetic field by said Hall Effect probe.

5. The apparatus of claim 1, wherein the first long flat side
of said magnet 1s parallel to the second long flat side thereof.

6. The apparatus of claim 1, wherein said magnet has a pole
direction perpendicular to the first flat side and the second tlat
side thereof.

7. The apparatus of claim 1, wherein said magnet has a pole
direction parallel to the first flat side and the second flat side
thereof.

8. The apparatus of claim 1, wherein the flat side of said
first magnetically permeable material 1s adjacent to the first
side of said magnet, and wherein the flat side of said second
magnetically permeable material 1s adjacent to the second flat
side of said magnet.

9. The apparatus of claim 1, wherein said magnet com-
prises flexible magnet material.

10. The apparatus of claim 1, wherein said magnet com-
prises a rectangular magnet, wherein said first magnetically
permeable material comprises a rectangular plate, and said
second magnetically permeable material comprises a rectan-
gular plate.

11. A method for determining wear experienced by an
object, comprising the steps of:

interposing an elongated magnet having a first length along
a long dimension thereof, a first long flat side and an
opposing second long flat side between a first magneti-
cally permeable material having a second length and a
tlat side disposed alongside the first long flat side of the
magnet, and a second magnetically permeable material
having a third length and a flat side disposed alongside
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the second long flat side of the magnet, wherein the
second length and the third length are greater than the
first length, forming thereby a closed end and an air gap
between the first magnetically permeable material the
second magnetically permeable material at the opposing
end;

exposing the closed end to the same wear as experienced by
the object; and

measuring the magnetic field within the air gap;

whereby the magnetic field 1n the air gap decreases as the
magnet, the first material and the second matenal are
worn away at the closed end.

12. The method of claim 11, wherein the second length and

the third length are equal.

13. The method of claim 11, wherein the means for mea-
suring magnetic field comprises a Hall Effect probe.

14. The method of claim 13, further comprising a tempera-
ture sensor for correcting for temperature variations in the
measured magnetic field by the Hall Effect probe.

15. The method of claim 11, wherein the first flat side of the
magnet 1s parallel to the second flat side thereof.

16. The method of claim 11, wherein the magnet has a pole
direction perpendicular to the first long flat side and the sec-
ond long tlat side thereof.

17. The method of claim 11, wherein the magnet has a pole
direction parallel to the first long flat side and the second long
flat side thereof.

18. The method of claim 11, wherein the flat side of the first
magnetically permeable material 1s adjacent to the first side of
the magnet, and wherein the flat side of the second magneti-
cally permeable material 1s adjacent to the second flat side of
said magnet.

19. The method of claim 11, wherein the magnet comprises
flexible magnet material.

20. The method of claim 11, wherein the magnet comprises
a rectangular magnet, wherein the first magnetically perme-
able material comprises a rectangular plate, and the second
magnetically permeable material comprises a rectangular
plate.

21. A wear sensor comprising in combination:

an elongated magnet having a first length along a long
dimension thereolf, a long flat side, and a pole direction
parallel to the flat side;

a first magnetically permeable material having a second
length and a flat side disposed alongside the flat side of
said magnet;

a second magnetically permeable material having a third
length and a flat side disposed alongside the long flat side
of said magnet, wherein the second length and the third
length are less than the first length, wherein said magnet
and said first magnetically permeable material form a
first closed end, wherein said magnet and said second
magnetically permeable material form an opposing sec-
ond closed end, and wherein said first magnetically per-
meable material and said second magnetically perme-
able material form an air gap therebetween on the tlat
side of said magnet; and

means for measuring the magnetic field within the air gap;
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whereby the magnetic field in the air gap decreases as said
magnet, and said first magnetically permeable material
are worn away at the first closed end.

22. The apparatus of claim 21, wherein said means for

measuring magnetic field comprises a Hall Effect probe.

23. The apparatus of claim 22, further comprising a tem-
perature sensor for correcting for temperature variations in
the measured magnetic field by said Hall Effect probe.

24. The apparatus of claim 21, wherein the flat side of said
first magnetically permeable maternial 1s adjacent to the long
flat side of said magnet, and wherein the flat side of said
second magnetically permeable material 1s adjacent to the
long flat side of said magnet.

25. The apparatus of claim 21, wherein said magnet com-
prises flexible magnet material.

26. The apparatus of claim 21, wherein said magnet com-
prises a rectangular magnet, wherein said first magnetically
permeable material comprises a rectangular plate, and said
second magnetically permeable material comprises a rectan-
gular plate.

27. A wear sensor comprising in combination:

an clongated magnet having a first length along a long
dimension thereof, a long flat side, and a pole direction
parallel to the first tlat side;

a magnetically permeable material having a second length
and a flat side disposed alongside the long flat side of
said magnet, wherein the second length 1s greater than
the first length, forming thereby a closed end and an
opposing end wherein said magnetically permeable
material extends beyond the tlat side of said elongated
magnet; and

means for measuring the magnetic field 1n the vicinity of
the extended magnetically permeable material;

whereby the magnetic field 1 vicimity of the extended
magnetically permeable material decreases as said mag-
net and said magnetically permeable material are worn
away at the closed end.

28. The wear sensor of claim 27, wherein said extended
permeable material 1s ‘L’ - shaped with the long side of the ‘L
"disposed alongside the flat side of said magnet, whereby an
air gap 1s formed between the short section of said ‘L shaped
material and said elongated magnet at the opposing end from
the closed end thereol, wherein the magnetic field 1s mea-
sured 1n the air gap by said means for measuring the magnetic
field.

29. The apparatus of claim 27, wherein said means for
measuring magnetic field comprises a Hall Effect probe.

30. The apparatus of claim 29, further comprising a tem-
perature sensor for correcting for temperature variations in
the measured magnetic field by said Hall Effect probe.

31. The apparatus of claim 27, wherein the flat side of said
magnetically permeable material 1s adjacent to the long flat
side of said magnet.

32. The apparatus of claim 27, wherein said magnet com-
prises flexible magnet material.

33. The apparatus of claim 27, wherein said magnet com-
prises a rectangular magnet, and wherein said magnetically
permeable material comprises a rectangular plate.
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